We derive the effective chiral Lagrangian for low-energy η-nucleon and η ′ -nucleon interactions and show that gluonic degrees of freedom, via the axial U A (1) anomaly, induce a contact term in the pp → ppη and pp → ppη ′ reactions. We then discuss the consequences for the extraction of g η ′ N N from experimental data.
Introduction
Polarised deep inelastic scattering [1, 2] and η ′ physics [3] provide complementary windows on dynamics induced by the axial U A (1) anomaly [4] in QCD. The flavoursinglet Goldberger-Treiman relation [5] relates the flavour-singlet axial-charge g (0) A measured in polarised deep inelastic scattering to the η ′ -nucleon coupling constant g η ′ N N . The large mass of the η ′ and the small value of g
A extracted from deep inelastic scattering point to substantial violations of the OZI rule [6] in the flavoursinglet J P = 1 + channel [7] . In this paper we discuss the role of gluonic degrees of freedom in the low-energy η ′ -nucleon interaction. We derive the effective chiral Lagrangian for η ′ -nucleon interactions and explain why gluons induce a contact term in the low-energy pp → ppη ′ reaction. The strength of this contact term is, in part, related to the amount of spin carried by polarised gluons in a polarised proton. The total cross section for pp → ppη ′ near threshold has been measured at COSY [8] and SATURNE [9] . New measurements could follow from an upgraded CELSIUS machine. The η ′ photoproduction process is being studied in experiments at ELSA [10] and Jefferson Laboratory [11] .
We begin in Section 2 with a brief review of the effective Lagrangian [12, 13, 14] for low-energy η ′ -meson interactions. In Section 3 we extend this theory to include η ′ -nucleon coupling. Finally, in Section 4, we discuss the possible size of gluonic effects in the η ′ -nucleon interaction and the consequences for the extraction of g η ′ N N from experimental data.
The low-energy effective Lagrangian
Starting in the meson sector, the effective Lagrangian [12, 13, 14] for low-energy QCD is constructed as follows. We begin with the SU(3) chiral Lagrangian
where U is the unitary meson matrix and
is the meson mass matrix -for a review see [15] . The matrix U is extended to include a flavour-singlet Goldstone boson [16] :
Here
denotes the octet of would-be Goldstone bosons associated with spontaneous chiral SU(3) L ⊗ SU(3) R breaking and η 0 is the singlet boson. The pion decay constant F π = 92.4MeV; F 0 renormalises the flavour-singlet decay constant -see Eq.(8) below. Next, one introduces U A (1) terms to generate a gluonic mass term for the η 0 and to reproduce the anomaly [17, 18] in the divergence of the gauge-invariantly renormalised flavour-singlet axial-vector current
viz.
Here N f = 3 is the number of light flavours, the subscript GI denotes gauge invariant renormalisation and the superscript µ 2 denotes the renormalisation scale. The AdlerBardeen theorem [19] states that the anomaly on the right hand side of Eq. (5) is not renormalised to all orders in perturbation theory. We use this theorem to constrain the possible U A (1) breaking terms in the effective Lagrangian.
The low-energy effective Lagrangian [13, 14] is
The gluonic term Q = αs 4π
G µνG µν is treated as a background field. It has no kinetic term 1 and mixes with the η 0 to generate a gluonic mass term for the η ′ -see below. The term proportional to b is fourth order in U but gives a second order term in η 0 . For simplicity we omit fourth order terms in the meson fields. Their inclusion is straightforward but of no primary influence in our context. The most general low-energy effective Lagrangian involves a U A (1) invariant polynomial in Q 2 . Higher-order terms in Q 2 become important when we consider scattering processes involving more than one η ′ [20] . The U A (1) transformation for the effective Lagrangian (6) is defined [3] by U → exp (2iβ) U; Q is treated as U A (1) invariant. The flavour-singlet axial-vector current
with
satisfies the anomalous divergence equation ∂ µ J µ5 = N f Q + mass terms. The flavour-singlet decay constant is renormalised relative to F π by gluonic intermediate states (qq → gg → qq). The parameters F 0 and b describe two distinct renormalisation effects: F 0 contributes to F singlet and also the meson masses (through its appearance in TrM(U + U † )) whereas b contributes only to F singlet . Assuming a continuous large N c limit, lim
1 In QCD Q = ∂ µ K µ where K µ is the gauge-dependent gluonic Chern-Simons current. The reader may wish to think of Q 2 as a kinetic term for K µ .
in the chiral limit. The gluonic term Q can be eliminated from the effective Lagrangian through its equation of motion. Expanding to O(p 2 ) in momentum and keeping finite quark masses one finds
where φ a with a = 1, ..., 8 refers to the octet Goldstone boson fields. In the chiral limit M = 0 gluons contribute a finite mass
to the singlet η 0 . The masses of the physical η and η ′ mesons are found by diagonalising the (η 8 , η 0 ) mass matrix which follows from Eq.(10).
Henceforth, we take
It is worthwhile to comment on the behaviour of L m when we take N c , the number of colours, to infinity. In QCD the axial anomaly decouples as 1/N c when we take N c → ∞. This is reflected in the equation for the η 0 mass squared if we take a ∝ 1/N c [12] . Phenomenologically, the large mass of the η ′ (m η ′ ∼ 1GeV) means that OZI and large N c are not always good approximations in the U A (1) channel. A second source of OZI violation is the non-vanishing anomalous dimension [22, 23, 24] of the flavour-singlet axial vector current (4). In QCD J µ5 satisfies the renormalisation group equation
where
Here γ(α s ) (= f
is the (two loop) non-zero anomalous dimension of J µ5 and β(α s ) is the QCD beta function. We are free to choose the QCD coupling α s (λ) at either a hard or a soft scale λ. If we work to O(α 
-nucleon interaction
The low-energy effective Lagrangian (6) is readily extended to include η ′ -nucleon coupling. For simplicity we work in the chiral limit. The chiral SU(3) meson-baryon coupling Lagrangian is
denotes the baryon octet and m denotes the baryon mass. In Eq.(14)
where ξ = U We work to O(Q 2 ) in the gluonic field and add the leading U A (1) invariant terms
Here, we have defined G QN N and C so that they both have mass dimension -3. Some comment is warranted about the momentum scale involved in the coefficient multiplying the Q G µνG µν turned off plus a single anomaly factor of N f Q.
Since we are interested in the pp → ppη ′ reaction we also include possible fourth order (contact) terms in the baryon fields:
where λ F , λ D , λ K and λ Q are new parameters; L m2B is U A (1) invariant for the same reason as L U A (1) mB . Putting things together, our effective Lagrangian is
Let us consider the Q dependent terms in more detail. The Q dependent part of the effective Lagrangian (18) is
which yields the following equation of motion for Q:
We substitute for Q in L Q to obtain
where we have replaced a by 1 3m
. The Lagrangian (21) has three contact terms associated with the gluonic potential in Q. First, we observe the contact term
TrBγ 5 B 2 (22) in the nucleon-nucleon interaction which was discovered by Schechter et al [26] . Second, we find two new contact terms associated with the axial anomaly: 
The contact interaction L (2) contact contributes to the low-energy pp → ppη ′ reaction; L (3) contact is relevant to η ′ N → η ′ N. The three terms (22-24) describe short distance interactions. The term L (2) contact yields an additional contribution to the cross-section for pp → ppη ′ reaction which is extra to the long distance contributions associated with meson exchange models [27, 28] . The contact terms L contact to be small. The total contact term in the pp → ppη 0 reaction is obtained by combining L (2) contact with the contact terms coming from the Q independent part of Eq. (17):
If we substitute The physical η ′ -nucleon coupling constant is read off from the coefficient of ∂ µ η 0 TrBB in the effective Lagrangian after we have eliminated Q. One finds
This g η 0 N N is the η 0 -nucleon coupling constant which will enter the extension of the coupled channels analysis [29] to η ′ photoproduction. The flavour-singlet Goldberger-Treiman relation for QCD was derived by Shore and Veneziano [5] . In the notation of Eq.(16) one finds
. If gluonic degrees of freedom were turned off then the right hand side of Eq.(27) would be equal to F 0 g η 0 N N . The value of g
A extracted from polarised deep inelastic scattering is [1, 2] 
The OZI prediction g
A ≃ 0.6 [30] would follow if polarised strange quarks and gluons were not important in the nucleon's internal spin structure. If we attribute the difference between g (0)
A | pDIS and the OZI value 0.6 to the gluonic correction − 
∼ 1GeV
2 and substitute into Eq. (26) . The coupling constant g QN N is, in part, related [5] to the amount of spin carried by polarised gluons in a polarised proton.
How important is the contact interaction L (4) contact in the pp → ppη ′ reaction ? The T-matrix for η ′ production in proton-proton collisions,
′ , at threshold in the centre of mass frame is
where A is the (complex) threshold amplitude for η ′ production. Measurements of the total cross-section for pp → ppη ′ have been published by COSY [8] and SATURNE [9] at centre of mass energies 1.5, 1.7, 2.9 and 3.7 MeV above threshold (COSY) and 4.1 and 8.3 MeV above threshold (SATURNE). If taken at face value, the four COSY data points are best described by pure three-body phase space. If one ignores the COSY data at the two lowest energies, then the remaining four data points are well described using the model of Bernard et al. [31] treating the pp final state interaction in effective range approximation. In this model, which also provides a good description of pp → ppπ 0 and pp → ppη close to threshold, one finds a best fit to the measured total cross-section data with
with χ 2 = 2.4. The present (total cross-section only) data on pp → ppη ′ is insufficient to distinguish between possible production mechanisms involving the contact term (25) and meson exchange models. To estimate how strong the contact term must be in order to make an important contribution to the measured pp → ppη ′ cross-section, let us consider the extreme scenario where the value of |A| in Eq.(30) is saturated by the contact term (25) .
For the values K ≃ −0.65 and G QN N ≃ 60GeV The success of meson exchange models in describing the low-energy pp → pΛK and pp → ppη reactions [28, 9] suggests that it may be reasonable to take the coefficients λ D and λ K of the OZI preserving processes small. The large coefficient of C in Eq. (31) is induced by the OZI violation inm 
with θ ≃ −20 degrees. The ratio of the moduli of the contact amplitudes (25) for pp → ppη ′ and pp → ppη is proportional to cos θ : sin θ = 0.94 : 0.34. The contact interaction (25) is likely to play a much more prominant role in the cross-section for pp → ppη ′ than pp → ppη. In their analysis of the SATURNE data on pp → ppη ′ Hibou et al. [9] found that a one-pion exchange model adjusted to fit the S-wave contribution to the pp → ppη cross-section near threshold yields predictions about 30% below the measured pp → ppη ′ total cross-section. The gluonic contact term (23) is a candidate for additional, potentially important, short range interaction.
Gluonic U A (1) degrees of freedom induce several "η ′ -nucleon coupling constants": g η 0 N N , G QN N and C. Different combinations of these coupling constants are relevant to different η ′ production processes and to the flavour-singlet Goldberger-Treiman relation. Testing the sensitivity of η ′ -nucleon interactions to the gluonic terms in the effective chiral Lagrangian for low-energy QCD will teach us about the role of gluons in chiral dynamics.
